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Element Fixation in Soil 

INTRODUCTION 

The inorganic fraction of soil is comprised of numerous sparingly soluble 
inorganic chemicals known as minerals. Soil minerals are products of an ex­
tremely complex chain of events involving the action of weathering, topo­
graphy, and biota on a parent geologic material over some period of time. 
In general, minerals form in soil via three processes. First, soil minerals are 
derived from the physical disintegration of minerals originally present in the 
soil or by the physical disintegration of minerals deposited at the site by geo­
logical processes. Second, soil minerals are derived from the chemical trans­
formation of minerals that are susceptible to weathering into those that are 
resistant to weathering. Third, soil minerals are formed via the subsequent 
precipitation of water-soluble elements which are released during the first 
and second processes. The first and second processes have a negligible impact 
on the ultimate fate of an element added to soil; however, the third has a 
major impact on an element's ultimate fate in soil. 

Fixation refers to the soil chemical reactions which immobilize an element 
within the structure of a mineral or at the mineral surface. There are three 
types of fixation reactions. First, chemisorption is the formation of a covalent 
bond between an adsorbed element and a mineral surface which results in 
element immobilization. Second, solid state diffusion refers to the irrever­
sible penetration of an element into the pore spaces of a mineral's structure. 
Third, precipitation refers to the formation of an insoluble solid comprised 
of elements which were previously dissolved in water. 

The fixation of elements by soil minerals is very similar to the fixation, 
stabilization, or solidification methods utilized for some types of' hazardous 
wastes containing metals. On the other hand, fiXation of elements by soil 
minerals is unlike encapsulation, which encapsulates the metal within an 
insoluble, impermeable shell. In the waste fiXation process, binders or fiXatives 
such as fly-ash, soluble silicates, calcium and sulfur compositions, and 
cements and concretes are mixed with a hazardous waste. The fiXative dis­
solves and releases anions which react with the metals to form precipitation 
products. Stabilized wastes are produced if the metal is "grafted" into an 
insoluble crystalline structure with the fiXative via strong chemical bonds. 
A stable, fiXed waste will bind and hold metals under natural environmental 
conditions. Likewise, fiXation in soils should bind and hold elements under 
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76 Element Fixation In Sol/ 

natural environmental conditions. 
Relatively little is known about the first two types of soil mineral fixation 

reactions discussed above. However, these are not considered to be exten­
sively occurring reactions. On the other hand, the fixation of elements via 
incorporation into the structure of soil minerals during mineral precipitation 
is an extremely important reaction. This chapter will focus on the types and 
amounts of elements found in soil, how these elements are fiXed into mineral 
structures, and how some remedial actions have utilized element fiXation. 

ELEMENT CONCENTRATIONS IN SOIL 

Eleven of the elements listed in Table 3 .1, along with carbon, hydrogen, 
and oxygen, constitute over 99 percent of the total elemental content of soil: 
Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si, and Ti. The remaining one percent 
is comprised of elements known commonly as the "trace elements." The word 
"trace" identifies the fact that they occur in soil in minute amounts; it has 
no bearing or relationship to any concentration limit protecting human health 
or biota. 

Table 3.1lists the mean concentrations, typical ranges, and observed limits 
of several elements in natural soil (i.e. background concentrations). The total 
concentration of any element, CTotal• in a soil is equal to: 

··.where: 

CTotal = CFixed + C Adsorbed + Cwater (3 .1) 

CFixed =·concentration of fixed element comprising part of 
the structure of clay and soil minerals, in mg ele­
ment/kg soil. 

C Adsorbed = concentration of element adsorbed onto the surface 
of soil minerals and onto organic matter exchange 

· sites, in mg element/kg soil. 

Cwater = concentration of element in soil water or ground­
water in equilibrium with CAdsorbed• in mg soluble 
element/kg soil. (See Table 3.2 for natural back­
ground levels found in groundwater). 

\ . 
. CFixed represents the "immobile" fraction of CTotal' The sum o_f CAdsorbed and 

Cwata represents the potentially mobile portion of CTotal; these will be dis­
cussed in detail in the next chapter. 

There are four important facts that should be understood concerning the 
data listed in Table 3 .1, the parameters listed in Equation 3 .1, and the inter­
relationships of these parameters. First, CTotal should not be expected to be 
uniform with depth. Natural processes involved in the distribution of ele- · 
.,_..,..,.,.,. ; ... +1-tft ... -:t - .. ,...,.;1 ... : ... ,..l,.A.a• 

TABLE 3.1 Native Soil Concentrations of Various Elements 

Element 

Ag 
AI 
As 
B 

Ba 
Be 
Br 
Ca 
Cd 
Ce 
Cl 
Co 
Cr 
Cs 
Cu 
F 
Fe 
Ga 
Ge 
Hg 
I 
K 
La 
Li 
Mg 
Mn 
Mo 
Na 
Ni 
p 
Pb 
Ra 
Rb 
s 

Sb 
sc 
Se 
Si 
Sn 
Sr 
Th 
·Ti 
u 
v 
y 
Zn 
Zr 

Concentration (ppm) 
Typical 
Range 

0.1. s.o 
10,000 • 300,000 

1.0. 40 
2.0. 130 
100. 3SOO 
0.1 • 40 
1.0 • 10 
100 • 400,000 

0.01 • 7.0 
30. so 
10. 100 

1.0. 40 
s.o. 3000 
0.3 • 2S 
2.0. 100 
30. 300 

7,000. sso.ooo 
0.4. 300 
1.0. so 

0.01. 0.08 
0.1 • 40 
400.30,000 
1.0. sooo 
7.0. 200 
600.6000 
100. 4000 
0.2. s.o 
1SO. 1SOO 
s.o. 1000 
so. sooo 

2.0-200 
10-6.S • 10-'-1 

20.600 
30. 10,000 

0.6. 10 
10. 2S 

0.1 • 2.0 
230,000 • 3SO,OOO 

2.0. 200 
so. 1000 

0.1 • 12 
1000 • 10,000 
0.9. 9.0 
20. soo 
10. soo 
10. 300 
60.2000 

Extreme 
Limits 

0.1 • so 

0.1 • soo 
0.1 • 3000 
10 -10,000 

0.1 • 100 

0.01 • 4S 

0.01 • soo 
o.s. 10,000 

0.1 • 14,000 

1.0. 3000 

1.0. 70,000 
0.1 • 400 
400.30,000 
0.8. 6200 

0.1 ~ 3000 

.3.0. 3000 

0.01- 400 

0.1 • 700 
10. sooo 

400. > 10,000 
< 2SO 

1.0. 1000 

3.0. 10,000 
10. 8000 

• Based on an Analysis of Data Presented In References 1,2,3,4,S, and 6 • 

: ;;.!·.:~~:~~! 



ttl 
0 
m 
0 
en 
6 ..... 
0 
N 

""' 0 

""' 

., 

l"fi EI<Jmem Fixation In Soil 

.I 

:t Lte~~hing 1Jf m~bHized elements 5Uch as calcium, boron, lithium, iron; mag­
nes)um, . mangar~ese, se!eniumr. or sodium (a) out of the soil profile, or 
(b) into ztlnes. ot: a,ccumulatiQn, 

• rraJn,~loc~.tlO!l 1 it< the Ct'llr:'Se of SOil· farming processes SUCh as podzoliza­
tion, of trace elements together with iron and aluminum. 

• MobilizatioH of tmce c!em:ents through breakdown of soil minerals as a 
result of aiternate wetdng and· drying. 

• Mecha;:-Jeal trans.!Q(:at£on of clay •. which increases trace element concen­
tratior,b in thos;: sui! hcrh:ons having higher amounts of clay particles. 

a Surface accumulation of relatively soluble elements such as boron, cal­
cium. and !)Odium in arid regions. 

~ MobiBzation or fiXation arising from chemical and/or microbiological 
activity. 

• Surface cnrichptent due to trace element uptake by plants. 

Second, aoalytical data derived from the chemical analysis of the total 
element ccmtent of a soil (i.e. CTO!al) relays no information regarding CFL<ed• 
C Adsorbed' and Cwater other than the magnitude of their combined concen­
trations. Iri other wor·ds, if a laboratory report states that a soil contains 
!~5 ppm total Cu, this ciatum cannot reveal if 0.1 percent is potentially mobile 
(i.e. CAdsorbcd + Cw~ter> or if 99 percent is potentially mobile. At background 
con.:entrations, the relative magnitudes of the parameters listed in Equa­
tion 3.1 for cations ger•erally are: 

CF"axed > > C Alborbed > Cwat.r 

Thf greater. part of C,.oial exists as CF"'eci a:lld is immobile. However, this rela­
. tive I"~nldng may o~ may not change as CTotkl increases above the back­
ground co:tcentraticn. 

... Too·c!, the backgr.c~nd concentrations listed in Table 3.1 represent the total 
cOrtil::e!lU"ation of an element present after the soil was formed and weathered. 

· T~i~ ccnc~ntration gives nc'informa~ion on the element-loading capacity of 
a r;;oiL The telement-loading eapacity can t?e defined as the maximum amount 
o§ ~l tlemf,lnt that can be added to soil which does not cause water migrating 
thmigh this soil to contain a harmful concentration of that element. In other 
words» knowing that a soil contains 125 ppm total background Cu will not 
reveal if soil will or will not completely convert an additional loading of 
500 ppm Cu into CF"axed' 

Soil cleanup standards that specify the excavation or treatment of soil con­
taining concentrations of an element over a background concentration are 
usually based on an incorrect premise that the background concentration of 
an element in soil represents a maximum concentration of an element which 
the soil can immobilize. The background concentration represents the total 
concentrr present after the soil was formed and undergone some degree 

TABLE 3.2 Natural Concentrations or Various Elements ln Grollndwatef.~'~ -
Element 

Ca 

Cl 

F 

Fe 
K 

Mg 

Na 

NOl 
Si02 
so4 

Sr 

Ag 
AI 
As 
B 

Ba 
Br 
Be 
Bi 
Cd 
Co 
Cr 
Cu 
Ga 
Ge 
Hg 
I 
Li 

Mn 
Mo 
Ni 

P04 
Pb 
Ra 
Rb 
Se 
Sn 
Ti 
u 
v 

Zn 
Zr 

_____ ..;;C;.;o=n~'!J!:!.ljgJi ____ _ 
Typical 
Value 

Extrem:> 
Value 

--- Major Elements (ppm) --
1.0 • !SOb 9S,()()()c 
< S()(Jd 
LO • 70b 
< t()()()d 

O.J ·, 5.0 

C.OI • 10, 
1..0 • ICJ. 
t.c - so~. 
<..· 40()d 

200,()()()c 

70' 
1600< 

> 1,000•·~ 
2:1,090" 
S2,000C 

0.5 • i20b 12Q,OOI)c 
< jO()()d 

0.2. 20 70 
S.Q. lOO 4/Jf.JOC 
3.0. I SOb 200,000: 
< 2000d 
0.1. 4.0 so 

-- Trace Elements (ppb) -­
. < s.o 
< :5.0. 1000 
< 1.0 • 30 4,WO 

20. 1000 s.doo 
10 .• 500 

< 100.2000 
< 10 
< 20 
< 1.0 
< 10 

< 1.0. s.o 
< 1.0. 30 

< 2.0 
< 20. so 

< 1.0 
< 1.0- 1000 

1.0 • ISO 
< 1.0. 1000 
<1.0-30 
< 10· .50 

< 100 .. 1000 
< 15 

< 0.1 • 4.or 
< i.o 

< L0-10 
< 200 

< 1.0 • ISO 
0.1-40 

< 1.0- 10 
< 10.2000 

< 25 

48.0()()c 

10,000< 
10,000 

noc. r 

70 

• based on an analysis of data presented in references 7 ,8, and 9. 
b in relatively humid regions. 
• in brine . 
d in relatively dry regions. 
• in thermal springs and mine areas. 
r picocuries/liter (i.e. 0.037 disintegrations/sec). 

"' 

, . ,. 

\· 

't? 
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of weathering; it gives no indication of the maximum concentration of an 
element which a soil can immobilize, i.e., the element loading capacity of 
tht soil. 

. Fourth, a number of ~stab!ished, a~cepted laboratory methods exist for. 
d~tetmining the magnitude of CTotal• CFLt..:• CAdrorbed' and Cwater in soil. CTotal 
is U$Ually measured by d11• ashing at 500 to S50°C for 3 to 4 hours or by 
Wet ashil)g With a mixture Of perchlOriC and nitric Or SUlfUriC acidS. C Adsorbed 
ami Cw •• ., are usually determined by using mineral acids (e.g. 0.1 N HCl), 
organic. acids, and chelating agents (e.g. EDTA, DTPA); hot water extrac­
tions as usually utilized for elements that exist as anions (e.g. B, Mo, Se). 
It is mostimportant to QOte that the test method employed is dependent upon 
the individual element to be tested, the param~ter to be tested (e.g. CFixed 
versus CAclsorbed), and the soil type. There is no "universal" analytical 
method which is applicable for all forms of an element in all soils. 

It is most important to note that there are test methods, which are similar 
to the o.nts mentioned above, that are utilized to determine the amount of 

· extractable chemical fro~ wastes; these arc used to determine if the waste 
should be classified as a hazardous waste and must be disposed in a 
Class I landfill. These test methods include the U.S. EPA's EP Toxicity, the 
TCLP test method, aQd the State of California's CAM-WET procedure 
(California Assessment Manual- Wet Extraction Procedure). These methods 
siwuld not be utilized for soil deanup criteria from spills of hazardous materi· 
als for tw.J .. reasons. First, t~ese methods, when applied to soils, provide a 
value, c&llacl~ wher~: 

'=EXtract = a ':Fixeci + bC Ad~rbed + Cwater (3.2) 

where: 
,. 

C .:xtract = concentration of an element er.tracted fmin a soil; 
. · Cto~i > CExt·~~t · 

a, b · = fractions 

Since a and b are not determined, it is r..ot possible to relate the parameters 
of Equation _3.2 ~o those of Equation 3.1. In other words, Cexrract provides 
no infClrmation regarding the magnitude of cl'lxcd• c Adsorbed~ and Cwater• in­
forrnatjon which is needed to determine the potential migration and triuis-
forma•ion of an element in soil. · 

Second, when soils are exposed to the extractants utilized by these test 
methods (acid and citrate or acid and acetate)," gross alterations can occur 
in ~oil mineralogy, in naturally occurring soil chemical reactions, and in soil 
physical and chemical properties. These gross alterations result from the fact 
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that the extractants can (a) selectively dissolve soil minerals, (b) impede 
crystallization and formation of aluminum hydroxides and other soil minerals 
while causing structural distortions in newly formed minerals,· (c) perturb 
hydrolytic reactions of aluminum, and (d) desorb, via mass action, elements 
and organics from soil adsorption .sites which may not normally be desorbed • 
Because the extra~tants cause gross alteration~ in the chemical and minera­
logical properties of soil systems, the data derived from these test methods, . 
when soil is utilized as the solid phase, cannot be extrapolated to actual field · 
conditions. Therefore, they should not be used for soil cleanup criteria from · 
spills of hazardous materials. 

The cleanup of contaminated soil should be engineered on a case-by-case 
basis using published and appropriate soil testing methods; the scientific litera­
ture contains at least seven test methods addressing the leaching potential 
of chemicals in soils•o, and numerous methods addressing the biological,. 
chemical, and physical properties of soilsll,t2,13,t4, 

ELEMENT FIXATION IN CLAY 
AND SOIL MINERALS 

The quantity CFixed in Equation 3.1 was defined as the concentration of 
fixed element which has been incorporated into the structure of clay and soil 
minerals. This section of Chapter 3 will discuss how an element that enters 
a soil system can be immobilized by fi'ICation into the structure of clay and 
soil minerals. 

Some chemicals such as HCl and water are miscible in· all proportions. 
In other words, continual additions of HCl into a beaker filled with water 
will not result in the precipitation of a solid in a beaker nor the formation 
of a separate phase of HCl. For most chemicals, however, there is a limit 
to the amount that can be added before a solid will precipitate. For exam­
ple, when a small amount of MgC03 is added to water, it dissolves. As 
more MgC03 is added, it dissolves. However, a point wil! be reached where 
additions of MgC03 will not dissolve but will settle at the bottom of the 
beaker as a crystalline solid. An equilibriuim is established in which the rate 
of precipitation of MgC03 (solid, s) equals the rate of dissolution of MgC03 
(s) into dissolved ¥g2+ and CO/-: 

Precipitation 
Mg2+ + CO 2- M"CO (s). 3 Dissolution "' 3 

(3.3) 

Now suppose that in addition to Mg2+ and COl-, dissolved Nil+ was 
also present in water at a concentration equal to that of dissolve~ Mg2+. 
Ions such as NP+ which have the same valence and similar size as Mg2+ can 
replace Mg2+ in the crystal structure of the precipated structure. In other 


